Using single and dual colour fluorescence in situ hybridisation (FISH) combined with image analysis techniques the topographic characteristics of genes and centromeres in nuclei of human colon tissue cells were investigated. The distributions of distances from the centre-of-nucleus to genes (centromeres) and from genes to genes (centromeres to centromeres) were studied in normal colon loci in HT-29 cells revealed that the location of the third genetic element is not different from the location of two homologues in diploid cells. We have shown that the topographic parameters used in our experiments for different genetic elements are not tissue or tumour specific. In order to validate high-resolution cytometry for oncology, further investigations should include more precise parameters reflecting the state of chromatin in the neighbourhood of critical oncogenes or tumour suppresser genes.
Using single and dual colour fluorescence in situ hybridisation (FISH) combined with image analysis techniques the topographic characteristics of genes and centromeres in nuclei of human colon tissue cells were investigated. The distributions of distances from the centre-of-nucleus to genes (centromeres) and from genes to genes (centromeres to centromeres) were studied in normal colon tissue cells found in the neighbourhood of tumour samples, in tumour cell line HT-29 and in promyelocytic HL-60 cell line for comparison. Our results show that the topography of genetic loci determined in 3D-fixed cell tissue corresponds to that obtained for 2D-fixed cells separated from the tissue. The distributions of the centre-of-nucleus to gene (centromere) distances and gene to gene (centromere to centromere) distances and their average values are different for various genetic loci but similar for normal colon tissue cells, HT-29 colon tumour cell line and HL-60 promyelocytic cell line. It suggests that the arrangement of genetic loci in cell nucleus is conserved in different types of human cells. The investigations of trisomic
Introduction
Interphase chromatin is a reliable morphological indicator of the physiological cell condition: processes such as proliferation, differentiation, transformation, apoptosis, etc. are usually correlated with specific chromatin changes [3, 4, 31] . A quantitative evaluation of the chromatin pattern is based either on the separate analysis of each single structural attribute (size, shape, density, arrangement and distribution of chromatin grains) or on a global evaluation. The global evaluation of the chromatin patterns may be obtained by considering the chromatin structure as a coherent texture (heterogeneity, granularity, condensation, radial distribution) [9] . Measurements of the chromatin patterns by microscopy are based on image processing. DNA image analysis is frequently performed in clinical practise as a prognostic tool and for the improvement of diagnostics in some cancers cases [27] . Chromatin texture is determined by the global topographic arrangement of cell nuclei and represent an elementary histological characteristic of tumour tissue. For this reason chromatin texture plays also a central role in diagnosis and grading of malignancy by the pathologist, and an understanding of its principles is of utmost importance for tumour biology [24] . The analy-sis of the nuclear chromatin texture opens up a new field for associating morphology with functional properties [33] .
FISH methods are frequently used in diagnostics of some cancers, in most cases in the diagnostics of heamoblastoses. For example, the t(9;22)(q34;11) translocation leads to the formation of chimeric ABL-BCR gene, which plays a crucial role in the pathogenesis of chronic myeloid leukaemia (CML) [15] . FISH has been also successfully used in diagnostics of solid tissue tumours. Aberrations of chromosome 1 detected in breast cancer using dual colour FISH correlated with protein activity of c-erbB-2 and bcl-2 [10] . The combination of FISH and image analysis provides a new tool for the measurement of topographic parameters [16] . The recent studies document a structured arrangement of chromosomal domains in interphase nuclei. During the interphase, each chromosome occupies a distinct domain within the nucleus [5, 23] . Chromosomes or genes are located in a restricted volume of the nucleus. The proximity of chromosome territories can influence the frequency of their specific structural rearrangements under certain circumstances [18] . It was shown that exchange aberrations are very frequent between the specific pairs of chromosomes in lymphocytes irradiated with fast neutrons [21] . These results indicate that chromosomes located well apart will interact with less probability.
The topographic arrangement of cell nuclei arises as a result of positioning of individual chromosomes and genes. The topographic parameters of specific genes or chromosomes represent obviously more elementary morphological indicator in comparison to the chromatin texture. The location of chromosomes, genes and other specific DNA sequences can be visualised using FISH in both single cells and tissue sections. Topographic parameters are important not only in relation to the induction of translocation. Experiments with Drosophila and yeast show, that also gene expression might be influenced by its position [7, 26] . Epigenetic regulation of gene expression does not probably play an important role within the cell cycle but it could be very important in differentiation, apoptosis and also in malignant transformation. For example, in differentiated HL-60 cells, c-myc is relocated closer to the nuclear periphery and its expression is downregulated. The fact that both processes have common kinetics during granulocytic differentiation support the idea that the relocation of the c-myc gene to the nuclear periphery and the condensation of the chromosome 8 domains might be associated with the c-myc gene silencing [2] .
Positions of chromosomes, centromeres or individual genetic loci reveal non-random distribution of these genetic elements in the cell nucleus. Several studies show that the centromeres [8, 13, 14] or oncogenes [21, 22] are distributed non-randomly in the nuclear volume, at least in some stages of the cell cycle. Distinctly non-random chromosome organisation was found in G 1 human lymphocytes with several centromeric regions localised on the nuclear periphery and telomeric regions in the interior of the cell nucleus [11] . The higher order nuclear structure have been investigated using both human blood cells (lymphocytes, bone marrow) and cell cultures (HL-60, U-937, ML-1, K-562) [1, 19, 20] . To our best knowledge, the topographic parameters in solid tissue have not been studied yet. The main reason is the relative simplicity of the methods of separating, fixing and, what is very important, evaluating the results in individual cells in comparison with tissues. However, about 80% from all malignancies are solid tumours and, therefore, the detailed studies of the topographic parameters of cell nuclei separated directly from the human donor tissues are needed. Differences in the topography of genetic elements between normal and malignant tissue can be associated with malignant transformation, which can be of great value for diagnostics. Visualisation of specific oncogenes, tumour suppressor genes, their neighbourhood and the determination of appropriate parameters might have diagnostic importance and eventually could help in therapy.
In this study, the topographic parameters of specific genetic loci (genes and centromeres) were investigated in normal colon tissue separated from a colorectal carcinoma after the biopsy. These parameters were compared with those on the HT-29 human colon cell line and the HL-60 human promyelocytic cell line cultured in laboratory conditions. We show that the spatial distributions of genes and centromeres are very similar in nuclear volume of all cell types. The results indicate the existence of general principles of the nuclear organisation for cells growing in the cell suspension and cells forming a part of solid tissue. This work is a first step towards studying and formulating principles of chromatin organisation in solid tissue and the use of these results in diagnostics and therapy.
Materials and methods

Tissue samples
Fresh colon tissue was taken from five patients who underwent the surgery of colorectal carcinoma at Fac-ulty hospital Bohunice of Masaryk University. Immediately after resection material was immersed into the culture flask with 10 ml of RPMI-medium containing 15% of FCS (PAN, Germany) and 15 U/ml of heparin. After the histopathological examination, parts of tissue without neoplastic lesion were selected for studying gene location.
Cell preparation and fixation
Tissue samples was rinsed with phosphate buffer saline (PBS) in 3 exchanges an digested in freshly prepared 0.5% pepsin (Sigma) in 0.9% NaCl at 37
• C for 15 min. This was followed by desintegration of tissue and filtration of free cells through a 25 µm pore size nylon fibre Sefar-Nitex (Sefar, Switzerland). Free cells were pelleted down by centrifugation and washed in PBS at 4
• C. For 2D fixation of nuclei we used the routine procedure including fixation in (1 : 3) acetic acid/methanol solutions. 3D fixation was done with 4% paraformaldehyde as described earlier [17, 25] .
Preparation of tissue sections for FISH
A piece of tissue was immersed in 10% paraformaldehyde for 20 min, washed in PBS (3 × 5 min) and embedded in medium for frozen tissue (Histolab). Frozen tissue was cut to section of 4 µm at −30
• C and mounted on poly-L-lysine-coated slides. Before FISH analysis slides were covered with 0.2% pepsin solution, pH 1.5, incubated 20 min at 37
• C and washed in PBS containing 0.1% Triton-X-100 (3 × 5 min) and PBS (1 × 5 min). Slides were then immersed in 0.1% paraformaldehyde for 10 min, washed and left dry on the air.
Cell culture
The human promyelocyte HL-60 cell line and human adenocarcinoma HT-29 colon tissue cell line grew up 25 passage in RPMI-medium supplemented with 10% foetal calf serum (PAN, Germany). The cells were cultured at 37
• C in humidified atmosphere containing 5% CO 2 . Cytological preparations were made by the routine procedure including cell harvesting by centrifugation, hypotonic shock in 0.075 mol/l KCl and fixation in (1 : 3) acetic acid/methanol solutions or by paraformaldehyde (4%).
Fluorescence in situ hybridisation (FISH)
FISH was performed with (a) unique sequences of ABL, BCR (dual colour probe), c-MYC (Oncor, Appligene), (b) alpha-satellite DNA probes of centromeres modified by digoxigenin (Oncor, Appligene). The procedure of hybridisation with these two different types of probes and post-hybridisation wash was performed according to the instructions of the manufacturers. Counterstaining was performed with DAPI (0.02 µg/ml) in vectashield (Vector).
Image acquisition and analysis
A high-resolution cytometer based on an automated inverted ZEISS Axiovert (Germany) microscope, a MicroMax (Princeton Instruments, USA), CCD camera and the confocal unit CARV (Atto corp., USA) were used. The cytometer acquires images from microscopic slides automatically. For 2D fixed nuclei, several slices (3-6) with an axial step of about 0.5-1 µm were acquired for each field of view and maximum image was calculated in order to increase the depth of focus. Usually >500 images were stored overnight into the computer memory and subsequently analysed. The cytometer acquires images from microscopic slides automatically. For 3D fixed nuclei, several slices (10-21) with an axial step of about 0.3-0.5 µm were acquired for each field of view and the maximum image was calculated in order to increase the depth of focus. The analysis was performed using FISH 2.0 software [16] , which enables the detection of signals inside nuclei. The positions of centromeres and genes were calculated relative to the centre of gravity coordinates of the nucleus. The algorithms used for finding nuclei and signals were described earlier [16] . Briefly, the nuclei are found using simple thresholding where the threshold is determined by the analysis of the histogram of the counterstain image. The genes or centromeres are detected inside nuclei using gradual thresholding [16] . The signals are evaluated according to their intensity and size. The information about the signals is written into text files and analysed further in Sigma Plot (Jandel Scientific, CA). The centre-of-nucleus to signal distances are normalised to the local radius (radius in the direction of the signal). A number of user-defined options can be set for both acquisition and for analysis. For example, the reallocation and automated reacquisition are possible after repeated hybridisation for a set of images.
Manual segmentation of cell nuclei
In the case of 3D fixed nuclei of tissue section we used manual segmentation for the determination of borders of nuclei. An automatic or semi-automatic methods were not used because automatic segmentation of cell nuclei in tissues is a hard problem and has not been satisfactory solved yet. Border of nucleus was created by human by entering several (typically 6-8) points of desired nucleus outline by clicking on mouse. When the last point was entered computer interpolated given points with a closed smooth curve. Piecewise cubic Bézier spline was used as interpolation curve. Construction of our interpolation curve is explained in the following paragraph.
Let P 1 , P 2 , . . . , P n be n entered points. Between two successive points P i and P i+1 cubic Bézier curve with control points P i , R i , L i+1 , P i+1 was created, where new control points R i , L i were given by terms
The P i P i+1 notation states for vector from point P i to point P i+1 and P i P i+1 is Euclidean length of vector P i P i+1 . If this curve didn't fit the nucleus border well it could be modified after interpolation by moving the control points. Bézier curves are often used in many graphics systems, because they are easy to edit and their rendering is quick.
Statistical evaluation of the results
The number of nuclei analysed in one topological analysis ranged between 200-1000. Experiments were repeated at least 2 times for each gene and each cell type. A high number of nuclei analysed in 2D provide information about 3D structure. The recalculation requires, however, random positioning of cell nuclei in preparations and spherical shape of the nuclei. These conditions are well fulfilled for cells fixed from cell suspension (HL-60 and HT-29). We used also parts of colon tissue without neoplastic lesion. Fixed nuclei of these samples preserve mostly relatively spherical shape.
The distributions of 2D projections (P ) of centreof-nucleus to signal fractional distances (r) were transformed into 3D distributions assuming random orientation of cell nuclei (this condition is evidently fulfilled for cells growing in suspension). The procedure was described earlier [2, 18, 20, 22, 29] . Briefly, we take, for example, 10 layers (shells) in a sphere at 0-10%, 10-20%, . . . , 90-100% of radius. For each layer, the distribution of 2D projections of centre of the sphere to point fractional distances, B(r), is calculated by Monte Carlo simulation (randomly generating points within the given layer). In such a way we obtain 10 distributions B 1 , B 2 , . . . , B 10 corresponding to the layers 0-10%, 10-20%, . . . , 90-100% of radius. These distributions form approximate triangles restricted to the regions between zero and the radius of the layer (parallel projections cannot be longer than the original distance; they can be shorter). The 2D distribution P (r) is written as a superposition of theoretical 2D distributions of the 10 layers: Theoretical distributions of gene to gene and centromere to centromere distances were calculated using Monte-Carlo simulation according to the RS model [2, 18, 20, 22, 29] . The RS model is based on experimental finding that the radial centre to gene distributions are nonrandom (genes are located in certain spherical layers) and the basic assumption of this model is the random angular distribution of genes inside spherical layers. Therefore, the RS model represents a tool for testing the randomness of gene to gene distributions inside spherical layers. The results of the calculations according to the RS model are frequently in good agreement with experimental results suggesting the validity of the model in many cases.
The simulated calculation for 2 pairs of genes is usually performed. It is based on the centre to gene distributions for these genes as an input for the modulated random number generator: the probabilities of gene appearance in different layers (coefficients A i ) are taken as weights of the random number generator. 4 points representing 2 gene pairs are placed inside a sphere using the generator and their 2D projections are computed. The experimental centre to gene distributions are automatically reproduced owing to the construction of the generator. The distribution of gene to gene distances is calculated for homologous as well as for heterologous genes from ≈10 5 calculations. The results of our calculations might be affected by irregular shape of cell nuclei. However, owing to the fact that the distances are normalised to the local radius, the deviations are minimised. In the case of 2D fixation the calculations remain valid if the 2D projections normalised to the local radius correspond to the projections obtained in 3D fixed samples. We have found earlier [16] that experimental distributions obtained from 2D and 3D fixed samples are quite similar with deviations of the average values less than 10-15%. The agreement between experimental and theoretical distributions in the case of 2D fixed samples is similar as compared to 3D fixed ones.
Results
The distributions of the centre-of-nucleus to signal and signal to signal 2D distances for the ABL, BCR, and c-MYC genes and chromosome 1, 8, and 9 centromeres were measured in human cells of colon tissue, in the HT-29 human colon cell line and, for comparison, in the HL-60 human promyelocytic cell line.
Topography of cell nuclei in 3D fixed tissue sections do not differ from 2D fixed cells
The topographic parameters were investigated either in 4 µm thick tissue sections (Fig. 1) or in individual cells separated from a colorectal tissue. The comparison of the topographic parameters of the chromosome 7 centromere (CC 7 and C 7 C 7 ) determined for 3D fixed colon tissue sections and 2D fixed nuclei of individual cells separated from the same colon tissue is shown in Fig. 2 . The average values of the CC 7 and C 7 C 7 parameters obtained for 2D and 3D fixed HL-60 cells are compared in Table 1 . As can be seen, the distributions of centre-of-nucleus to signal and signal to signal distances for 2D fixation are very similar to those obtained for 3D fixation in both cells grown in suspension and cells fixed in tissue sections. Similar results were obtained also for other genetic loci, however, the number of cell nuclei analysed was much larger for cells separated from the tissue owing to the fact that automated analysis was used in this case. Therefore, further results are presented for cells separated from the tissue and fixed by standard technique.
Genes and centromeres are located in spherical layers at specific centre-of-nucleus to locus distance
The distributions of the centre-of-nucleus to signal 2D distances for 3 genes and 3 centromeres were determined in 3 cell types (Fig. 3) . The average values of these distributions are shown in Table 2 . It was found that different genetic loci are positioned at the specific centre-of-nucleus to locus distances which are conserved in various cell types. The coding sequences of the ABL and BCR genes are located in the inner parts of the nuclear volume; the c-MYC gene is observed much closer to the nuclear membrane. Centromeric The results obtained for nuclei of HL-60 cells fixed in both 2D and 3D are also shown for comparison. The number of investigated cells was 200-300 for 3D analysis and 800-1000 for 2D analysis.
CN 7 -average centre-of-nucleus to centromere 7 distance; N 7 N 7 -average value of signal to signal distribution of homologous centromeres 7 (the distances are shown in % of the nuclear radius, R); SE = SD/ √ n, where n is the number of experiments (typical number is 3). * Theoretical values calculated by Monte-Carlo simulations using experimentally determined centre to signal distributions (according to RS model).
heterochromatin is found near the nuclear membrane (centromeres 8 and 9), however, in some cases centromeres can be close to the centre-of-nucleus as some genes (e.g., centromere 1 and c-MYC). The sequence of the centre-of-nucleus to locus distances is as follows: BCR ≈ ABL < C1 ≈ c-MYC < C8 < C9 for all cell types investigated.
The distribution of genetic loci inside the spherical layers is random
The signal to signal distributions are shown in . Good correspondence between experimental points and theoretical curves suggests that the distribution of genes and centromeres inside the spherical layers is random (see also Table 3 ). The distributions obtained for HT-29 cells are narrower as compared to the other cell lines which reflects the fact that the cells are trisomic in all 3 genetic loci investigated.
Positioning of the third genetic locus in trisomic cells
We compared the nuclear localisation of the third genetic locus in cases of gene amplification (e.g., in HT-29 cells a number of loci are amplified). The average values of the centre-of-nucleus to locus distances for the ABL gene and chromosome 1 and 9 centromeres determined in HT-29 trisomic cells are compared with HL-60 cell line in Table 4 . The positioning of all 3 genetic loci in HT-29 corresponds to those in HL-60 cells. In the case of the chromosome 1 centromere both 2 and 3 signals were observed in HT-29 cell line. We analysed separately both populations of cells and compared the topographic distributions (Fig. 5) . The centre-of-nucleus to centromere distributions are similar. The centromere to centromere distribution for HT-29 cells is narrower (mean values of the 3 signal to signal distances for each cell were evaluated), however, the average values of the distributions are similar for both 2 signal and 3 signal subpopulations. The theoretical lines obtained from the calculations based on the centre-of-nucleus to signal distri- The number of investigated cells was 800-1000 for each experiment. Average values and standard errors of 2-3 experiments were calculated.
CA -average centre-of-nucleus to ABL distance; CB -average centre-of-nucleus to BCR distance; CM -average centre-of-nucleus to c-MYC distance; CN 1 -average centre-of-nucleus to centromere 1 distance; CN 8 -average centre-of-nucleus to centromere 8 distance; CN 9 -average centre-of-nucleus to centromere 9 distance (the distances are shown in % of the nuclear radius, R); SE = SD/ √ n, where n is the number of experiments (typical number is 3). Table 3 Average values and standard errors of signal to signal distribution of homologous genes and centromeres in HL-60, HT-29 and colon tissue cells. Experimental and theoretical values calculated by Monte-Carlo simulations using experimentally determined centre to signal distribution (according to RS model) are compared Cell type
Genetic locus
HL-60 Mean values from Table 2 butions (see Materials and methods) correspond to the experimental points suggesting random positioning of the additional third centromere in the spherical layer specific for the given locus.
Discussion
Using FISH and image analysis techniques the nuclear topography of genes and centromeres for human colon cells in (1) tissue sections, (2) individual cells separated from the colon tissue and (3) in HT-29 tumour cell line isolated from the colon cancer was investigated. The results were compared to those obtained for HL-60 promyelocytic cell line. To our best knowledge, it is for the first time that the topography of the genetic material in tissue sections was investigated ( Fig. 1) and it was shown that such kind of analysis is feasible. The images of the 3D-fixed tissue samples were acquired in sections using confocal microscopy. Subsequently, the maximum image was calculated in order to increase the depth of focus, which resulted in bright and clear signals. Manual segmentation was used in order to separate cell nuclei found in close neighbourhood. 2D-analysis of 3D-fixed samples is frequently used in our experiments owing to much easier acquisition (a large number of maximum images can be automatically acquired overnight and stored to computer memory) and owing to the fact that large number of 2D-projections provide information on the real 3D-structure [16] .
We have shown that the distributions of the centreof-nucleus to signal and signal to signal distances determined for cells in 3D-fixed tissue sections are very similar to those of 2D fixed cells separated from the tissue (Fig. 2 and Table 1 ). The image acquisition and analysis, particularly the image segmentation, are much easier for cells separated from the tissue and con-sequently much better statistics and more precise results can be achieved.
The positioning of genes and centromeres investigated in our experiments show that coding sequences of ABL and BCR genes are located mostly in the inner parts of the cell nucleus, whereas the positioning of the c-MYC gene is more peripheral. On the other hand, the heterochromatin of centromeres is located mostly near the nuclear membrane; in some cases (centromere 1) more central positioning was observed. The sequence of the genetic elements location from the centre to the membrane in cell nucleus (ABL ≈ BCR < Cen1 < c-MYC ≈ Cen8 < Cen9) is conserved for all 3 cell types investigated (Fig. 3 ). These observations are in agreement with findings of Ferreira and Sadoni [12, 28] . These authors distinguish euchromatic (transcriptionally active and early replicated) and heterochromatic (transcriptionally inactive and late replicated) higherorder compartments in the nucleus. Our results suggest that these compartments have some further internal structure. Various genetic loci are positioned inside spherical layers at some locus-specific centre-ofnucleus to locus distance.
On the basis of these and other our results [29] it can be concluded that euchromatic regions (coding sequences) are located mostly (but not exclusively) in the inner parts of the cell nucleus (ABL, BCR, IGH, TP53); heterochromatic regions are located mostly near the nuclear membrane (centromeres 8, 9, 18) . This polar orientation of chromosome territories can be clearly seen in most chromosomes and most cell types investigated. There are chromosomes with and without pronounced polar orientation (chromosomes 9 and 8, respectively) which is obviously not related to the molecular weights of chromosomes. For example, the differences between the positions of c-MYC and centromere 8 are not significant in most cell types. Such chromosomes will be called non-polar as opposite to the polar chromosomes (e.g., chromosome 9). The different degree of polar orientation of these 2 chromosomes with approximately the same molecular weight might be determined by the euchromatin content of these chromosomes.
Chromosome territories with high euchromatin content are located near the nuclear centre (e.g., chromosomes 9, 19) and chromosomes with low euchromatin content are located near the nuclear membrane [6, 29] . It can be, therefore, expected that the positions of the coding sequences (genes) will reflect the positions of the chromosomes. Consequently, the composition of chromosomes (euchromatin to heterochromatin ratio) is responsible for chromosome polarity and its position in cell nucleus; the positions of individual genes might be subordinated to their neighbouring composition and to the composition of the whole chromosome.
As can be seen from Fig. 4 , the distributions of signal to signal 2D distances clearly correspond to the random positioning of genetic loci investigated inside the spherical layers. These results were obtained using the model of rotational symmetry (RS-model). In some cases, however, 3D positions were determined and 3D distributions were calculated. 3D measurements confirmed the conclusions obtained from 2D.
The agreement between the theoretical and experimental gene to gene (centromere to centromere) distributions of distances seems to contradict with the spatial exclusiveness of chromosome territories. It could be expected that shorter distances between genes (centromeres) which are located in the inner parts of territories would be rare owing to nonzero territory dimensions. In fact, our measurements are not precise enough to determine very short distances for signals of the same colour (the first point in plots of Fig. 4 represents about 0.5 µm). However, in the case of 2 genes located on different chromosomes the resolution is much better and shorter distances can be measured. Experimental values are frequently higher as compared with theoretical predictions [17, 20] , which suggests that chromosome territories do not prevent some genes to be located quite near to each other. It is in agreement with marked variability of chromosome territories and also with recent findings [31] suggesting that the territories are not homogenous structures (e.g., transcription sites are scattered throughout the territory).
The locus-specific centre-of-nucleus to locus distance remains conserved for various human cell types (Fig. 3) and also for the third copy of the locus (centromere 1 and 9) ( Table 4 , Fig. 5 ). The third copy is placed in the same layer as the first 2 loci and its positioning inside the layer is also random. Similar observations were made also for 4 centromeres of chromosome 9 in ML-1 cells and for ABL/BCR loci in K562 cells where multiple copies of these genes were observed (own unpublished observation). This finding shows that the mechanism which localises genes and centromeres at some centre-of-nucleus to locus distance is independent of the number of loci. A straightforward explanation is that there are MARs/SARs sequences near each locus which address the position of the locus in cell nucleus [32] . Such mechanism would also ensure the same accessibility of the genetic locus to expression of additional loci.
Conclusions
Topographic parameters of genes or chromosomes in cell nuclei of 3D-fixed tissue sections can be determined using recently developed FISH and image analysis techniques. The centre-of-nucleus to locus and locus to locus distances obtained from tissue sections of colon are similar to those obtained from cells separated from the tissue.
The positions of genes and centromeres in cells derived from colon tissue are locus-specific, however, they are conserved for all cell types investigated and similar to human blood cells. The ABL and BCR genes are located in the central parts of cell nucleus, c-MYC is located close to nuclear membrane. Centromeric heterochromatin is found mostly near the nuclear membrane. The position and orientation of the third chromosome in trisomic cells is similar to the position of these loci in diploid cells.
The topographic parameters used in our experiments (centre-of-nucleus to locus and locus to locus distances) are not tissue or tumour specific. In order to validate high-resolution cytometry for oncology, further investigations should include more precise parameters reflecting the state of chromatin in the neighbourhood of critical oncogenes or tumour suppressor genes.
